The complete amino acid sequence of the ovine pituitary follitropin f-subunit was established by studying the tryptic, chymotryptic and thermolytic peptides. The N-terminal sequence of the subunit was confirmed by subjecting the oxidized protein to Edman degradation in an automated sequenator. Automated Edman degradation of the reduced and alkylated (with iodo[14C]acetamide) fl-subunit indicated that most of the molecules used in the sequence studies had lost the N-terminal serine residue. This also confirmed the location of the first five half-cystine residues in the sequence. The proposed structure shows the presence of 111 amino acid residues with the two oligosaccharide moieties linked to asparagine residues located at positions 6 and 23. Heterogeneity occurs at both the termini of the polypeptide chain. Comparison of the sequence of,-subunit of the ovine hormone with that proposed for human follitropin ,f-subunit shows the absence of any deletions in the middle of the peptide chain. Of the 13 replacements, 11 residues can be explained on the basis of a single base change in the codon. The single tryptophan residue of the follitropin occupies an identical position in all the four species that have been studied. The region corresponding to residues 63-105 of the ovine fl-subunit is highly conserved in all the species.
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Among the glycoprotein hormones, all of which consist of two non-identical subunits (a and f), the fl-subunit imparts specificity to the a-f complex.
The comparison of amino acid sequences of the fl-subunit of the three pituitary glycoproteins within a species offers valuable clues regarding structural features that may be necessary for hormone specificity, i.e. hormone-receptor interactions (Ward, 1978; Sairam, 1978) . In the ovine species, lutropin (luteinizing hormone, 'LH') has been extensively studied with respect to its structure and function (Papkoff et al., 1972; Ward et al., 1972) . However, relatively little information has been forthcoming on ovine follitropin (follicle-stimulating hormone, 'FSH') in similar respects. Papkoff (1972) reported the compositions of several peptides that he thought originated from the ovine follitropin subunits and compared them with the available data on lutropin and thyrotropin (thyroid-stimulating hormone, 'TSH'). More recently, investigations initiated in this laboratory sought to determine the primary structure of ovine follitropin. An improved procedure for the isolation of highly potent ovine hormone (Sairam, 1979a) and the preparation of subunits has been reported (Sairam, 1979b) . In the preceding paper (Sairam, 1981) , evidence for the identity of-the Vol. 197 ovine follitropin a-and lutropin a-subunits was presented. The present study provides data that permit us to propose the complete amino acid sequence of the ovine follitropin fl-subunit. A comparison of these data with proposed sequences of follitropin fl-subunit from other species shows remarkable degree of preservation of structural information.
Materials and methods Preparation offl-subunit
The fl-subunit was prepared from highly purified follitropin isolated from frozen ovine pituitaries (Sairam, 1979b) . It effectively recombined with the a-subunit to regenerate biological and immunological activities.
Sequence determination
The strategy and methods employed for the determination of the amino acid sequence are described in the preceding paper (Sairam, 1981) . A 55 mg portion of reduced and aminoethylated methods employed for solving the structure of the fl-subunit are given below.
Thermolysin digestion ofoxidized fl-subunit A 6mg portion of performic-acid-oxidized ,-subunit was digested with thermolysin (EC 3.4.24.4, Calbiochem-Boehringer, lot no. 901254, thricecrystallized) in 1ml of 0.25M-NH4HCO3 at 370C for 4h (50:1 ratio). The freeze-dried material was dissolved in 2M-acetic acid and subjected to twodimensional paper chromatography-electrophoresis as described previously (Sairam, 1981) . Peptides were detected after ninhydrin spray and eluted with NH3 for further analysis.
Hydrazinolysis
Two The N-terminal sequence of the reduced and S-aminoethylated f-subunit was determined by the dansyl (5-dimethylaminonaphthalene-l-sulphonyl)-Edman method (Sairam, 1981) as well as by using a Beckman automated sequenator. The entire reaction was carried out in the spinning cup by using 0.3M-Quadrol with Polybrene added as the carrier. The amino acid phenylthiohydantoin derivatives were identified by high-pressure liquid chromatography as described elsewhere (Seidah et al., 1980) .
Results

Terminal amino acids and sequence
In a previous study the N-terminal residue of the follitropin fl-subunit was tentatively identified as aspartic acid (Sairam, 1979b Xaa-Glu-Leu-Thr-Xaa-Ile-Thr-Ile-Xaa-ValAn additional run with 3 mg of the oxidized protein (0.2pM) provided further data on the sequence that extended up to residue 22: Xaa-Glu-Leu-Thr-Xaa-Ile-Thr-Ile-Thr-Val-GluXaa-Glu-Glu-Xaa-Xaa-Phe-Xaa-Ile-Xaa-Ile-. In both experiments the residue designated Xaa at some positions could not be identified. The location of cysteine residues at some of these positions was confirmed by microsequence of reduced and iodo-['4C]acetamide-treated protein (see Fig. 5 below) .
When the C-terminus was investigated by hydrazinolysis of the oxidized f-subunit, 0.44 residue of glutamic acid/molecule was found. Sequence analysis ofthe fl-subunit
The amino acid composition of the oxidized ,f-subunit after hydrolysis with 6M-HCI for 24-72 h is shown in Table 1 . The subunit entirely lacks methionine, thus the strategy of fragmentation of the protein with CNBr was not possible. Instead of this, information was sought from tryptic, chymotryptic and thermolytic peptides of the reduced and alkylated or oxidized f-subunit. Tryptic peptides ofaminoethylated fl-subunit
It was considered desirable to perform tryptic digestion on the reduced and S-aminoethylated derivative of the fi-subunit as potentially 12 sites of cleavage would be induced in additiorr to those occurring at the lysine and arginine residues present in the molecule.
Digestion of 55mg of the reduced and alkylated ,f-subunit with trypsin and fractionation on Sephadex G-50 columns yielded 11 fractions (Fig. 1) . Analysis of the first fraction revealed that it contained some undigested subunit and it was not further investigated. Each of the other fractions was submitted to two-dimensional paper chromatography-electrophoresis for separating the constituent peptides. The scheme (Fig. 2) shows the origin of the different peptides isolated. A composite peptide map, constructed in Fig. 3 , shows the relative migration of the different peptides. Thus a total of 27 peptides, three of which contained carbohydrate, were obtained. The presence of carbohydrate in the peptide was suggested by its mobility very close to the origin and confirmed by subsequent amino acid analysis. All were analysed for composition, homogeneity and subjected to sequence determination. Their compositions, along with end-group data, are given in Table 2 . Fortu- (Sairam, 1979b) nately all the peptides except T 16 were obtained in a for T10 to 1.1urmol for T3. Glycopeptide T3 is relatively pure form, including the two glycopeprelated to the glycopeptide T2, which has three fewer tides T2 and T5. The yield of the various peptides amino acids. Both of these were found in the from 3.5,umol of the f-subunit varied from 0.06,umol B-fraction ( Fig. 1 ). End-group determination on this Vol. 197 Table 2 . Tryptlcpeptides ofS-aminoethylated 1-subunit Peptide T22 is free S-aminoethylcysteine (Aec). The presence of carbohydrate (CHO) residues in peptides T2, T3 and T5 were not quantified. Yields of some peptides are the minimal calculated values found in the major fraction (see Figs (Table 3) . End-group determination was performed on these peptides.
Thermolysin peptides
To obtain additional data that would be useful in ordering the tryptic peptides, thermolysin digestion of oxidized fl-subunit was performed. In this instance the entire digest was used for two-dimensional paper chromatography and electrophoresis without preliminary separation on Sephadex G-50. Among the peptides separated, the composition and end-group analysis of seven peptides are given in Table 4 shown in Table 5 . These peptides were designated T1 to T26 in order of appearance in the proposed sequence (Fig. 4) T; tryptic peptides; C, chymotryptic peptides; TL, thermolysin peptides. In the tryptic and chymotryptic peptides, cysteine residues were identified as aminoethylcysteine; CHO represents an oligosaccharide moiety. The placement of peptide T24 in that position is based on homology with other known sequences (see Fig. 6 ). Table 3 . Amino acid composition ofchymotrypticpeptides ofreduced and aminoethylatedfollitropin f-subunit The differences in mobility of peptides CD25 and CD26 and the indicated composition -appears to suggest the presence of an extra glutamic acid/glutamine residue in the latter. This additional glutamic acid/glutamine residue has been placed at the C-terminus of peptide CD25 and the fl-subunit. The of fl-subunit from other species (see Fig. 6 below).
The proposed amino acid sequence of the ovine follitropin f-subunit is depicted in Fig. 4 . In order to confirm the position of the half-cystine residues in the N-terminal portion of the molecule, the following experiment was done. The fl-subunit was reduced with f,-mercaptoethanol in 8 M-urea/0. 1 M-Tris/HCl, pH 8.5, and alkylated with "4C-labelled iodoacetamide (NEN Ltd., MA, U.S.A.) The labelled subunit was subjected to automated sequence analysis, and the appearance of radioactivity in the phenylthiohydantoin derivative (Seidah et aL, 1980) at each step of degradation was determined by liquidscintillation counting. Highest radioactivity (Fig. 5) was found in the first cycle itself, with substantially lower, but significant, amounts at the subsequent cycles (3, 15, 18, 26 and 30) . It was concluded that a half-cystine residue was located at these positions in the fl-subunit. From the sequence shown in Fig. 4 was not isolated from the tryptic digests. These data would strongly suggest N-terminal heterogeneity, as found for the a-subunit of ovine lutropin (Papkoff et al., 1972; Ward et al., 1972) and follitropin [the preceding paper (Sairam, 1981) 1.
Discussion e
The primary structure of the ovine follitropin fl-subunit, as derived from our data, and reliance on Vol. 197 terminus ofthe f-subunit A freeze-dried preparation of 250,ug of follitropin fl-subunit was reduced by f-mercaptoethanol and alkylated with iodo['4Clacetamide. After removal of salts, the labelled subunit with the -Cys residues containing radioactivity was subjected to Edman degradation in the automated sequenator. At each cycle, a sample of the amino acid phenylthiohydantoin derivative was verified for the presence of radioactivity by counting in a liquid-scintillation counter. The numbers near the peaks indicate the cycle number in which significant radioactivity was found. Cycle numbers 1, 15, 18, 26 and 30 correspond to residue positions 2, 16, 19, 27 and 31 in our proposed sequence (see Fig. 4 ). Presence of radioactivity in the third cycle would indicate a sequence Xaa-Ser-Cys-at the N-terminus of some molecules of the fi-subunit.
homology with other species (see Fig. 6 ) shows 111 residues, with serine at the N-terminus and glutamic acid at the C-terminus. The total number of each amino acid residue derived from the sequence data agrees well with the composition data ( Table 1 ). The two carbohydrate moieties are presumed to be linked to asparagine residues located at positions 6 and 23. Peptide T2 must be located at the N-terminus as shown by sequence data on the oxidized as well as the reduced and S-aminoethylated fl-subunit. The reason for inability to identify, in the sequenator, the residue at position corresponding to asparagine-6 was owing to glycosylation, since the glycosylated asparagine would not be extracted by the butyl chloride solvent and would remain in the sequencer cup. However, manual dansyl-Edman data on the oxidized subunit and the peptide T2 clearly showed aspartic acid/asparagine at this position. Evidence for the N-glycosidic linkage of the oligosaccharide moiety in the second glycopeptide, T5, was based on digestion of the peptide with leucine aminopeptidase and carboxypeptidase, which liberated free serine Vol. 197 and threonine respectively. If these were involved in an O-glycosidic linkage, they would not have been detectable by amino acid analysis. The peptide Ti was positioned at the N-terminus as it could not be accommodated at any other place in the sequence. A lack of this repeating sequence in the molecule (see Fig. 4 ) also makes this positioning of T1 at the N-terminus unequivocal. Additional confidence in this is provided by sequence homology, by comparing the structure of the ovine follitropin fl-subunit with similar data published for other species (Fig. 6) .
The chymotryptic and thermolytic peptides provided the necessary data to determine the order of the tryptic peptides (Fig. 4) . The Tyr'4-Thr'5 bond was highly susceptible to chymotryptic activity present in the trypsin used for digestion. A similar experience has been noted in our previous study with human thyrotropin fl-subunit (Sairam & Li, , which has a sequence Tyr-Phe in this region. In contrast with this, the Lys39-Asx40 bond was not fully cleaved by trypsin; likewise tryptic cleavage at some of the S-aminoethylcysteine residues was also incomplete.
We could not isolate overlap peptides to unequivocally position peptide T23. All the other tryptic peptides were positioned in sequence by using overlap peptides obtained from either the chymotryptic or thermolytic digest. The link between peptides T25 and T26 was unequivocal by the isolation of chymotryptic peptide CD 10. In addition, the composition of a tryptic peptide isolated from oxidized fl-subunit perfectly accounted for the region Gly97-Arg110. The placement of a glutamic acid residue at position IIl must be regarded as tentative. This was based on the data from hydrazinolysis of the oxidized fl-subunit, which showed this amino acid residue at the C-terminus. In addition, the only difference between chymotryptic peptides CD25 and CD26 was the presence of an extra glutamic acid residue in the latter. The failure to detect arginine at the C-terminus after hydrazinolysis could be due to decomposition during the reaction (Narita et al., 1975) . It is conceivable that there could also be heterogeneity at the C-terminus of the fl-subunit. This is not unusual among these hormones (Papkoff et al., 1972; Ward et al., 1972) .
The single tryptophan residue present in ovine follitropin (Sairam, 1979a) is located in its fl-subunit (Table 1) . This was shown to be present in the tryptic glycopeptide T5 as determined by amino acid analysis with p-toluenesulphonic acid hydrolysis. Further evidence came from digestion of the peptide with carboxypeptidases A and B. During a 2h digestion, S-aminoethylcysteine, tryptophan and threonine were released quantitatively in that order. Although quite useful in pointing out sequence heterogeneity at the N-terminus of the molecule, the use of automated sequenator to deduce the struc- ture of the fl-subunit had limitations. The repetitive yield of the amino acid phenylthiohydantoin derivatives decreased markedly after the first step (see Fig.  5 ) of Edman degradation. The reasons for this are not clear. It occurred when both the performic acid-oxidized or the reduced and S-aminoethylated fl-subunit were used for degradation. Perhaps the bulky carbohydrate groupings present in close proximity to the N-terminus were in some way responsible for this drastic decrease in yield. Thus it was decided to solve the primary structure by utilizing our previous strategy (Sairam & Li, 1977) of reliance on enzymically degraded peptides. In this we were fortunate because of the ease with which all the tryptic peptides of the reduced and S-aminoethylated protein (Table 2 and Fig. 3 ), including the two glycopeptides, could be separated rather easily by the direct two-dimensional chromatography-electrophoresis after preliminary separation on Sephadex G-50. In the entire study, the sequence data was gathered from experiments using approx.
75 mg (5,umol) of the fl-subunit. We were unable to clarify the nature of the Asx residues located at positions 40 and 45 in the sequence.
The amino acid sequence of the f-subunit of follitropin from human (Saxena & Rathnam, 1976) , porcine (Closset et al., 1978) and equine (Fujiki et al., 1978) pituitaries have been reported. These data are compared with our proposed sequence for ovine follitropin f-subunit in Fig. 6 . Comparing it to the human fl-subunit, we find 13 residue changes if we assume that the placement of the unidentified amides/acids in our sequence proposal (Fig. 4) are the same as found in human (Saxena & Rathnam, 1976) . Most of the replacements can be accounted for on the basis of a single base change in the codon. It should be noted that there are several discrepancies in the data reported on human follitropin fl-subunit from two laboratories (Saxena & Rathnam, 1976; Shome & Parlow, 1974) . For comparison in Fig. 6 , we have selected the data (Saxena & Rathnam, 1976) that is more compatible with ovine hormone data and does not require the introduction of gaps for aligning the two sequences. The N-terminal asparagine residue and the additional C-terminal residues in the human f-subunit appear to be lacking in the ovine hormone f-subunit preparations examined. The species differences in these areas may be because of heterogeneity. In any case, they are apparently not essential for activity of the hormone. The porcine f-subunit is different from all the three other sequences in that it consists of several extra residues in the region 12-34. The position of all the 12 half-cystine residues are highly conserved. The two carbohydrate moieties present in the three fl-subunits are linked to asparagine residues at identical positions. This has not been identified in the porcine hormone (Closset et al., 1978) . The sequences Asn-Ile-Thr-and Asn-Thr-Thr-at the point of carbohydrate attachment are also invariant. The single tryptophan residue occupies an identical position. Apparently this is an inaccessible region of the hormone molecule that is shielded from reactivity with reagents such as N-bromosuccinimide. This treatment is reported to have no effect on the biological activity of human and porcine follitropin (Giudice et al., 1978) . The comparison of' the four f,-sequences also reveals that the second half of the molecule (residues 63-106) is remarkably resistant to species variations (assuming that Asx and Glx are same). This region might perhaps be important for interaction with the a-subunit or with the receptor or both. This constant region of the fl-subunit contains several important amino acid residues with functional reactive side chains, namely tyrosine, histidine, lysine, arginine, aspartic acid and glutamic acid.
Availability of the complete amino acid sequence of ovine follitropin fl-subunits permits a comparison with the sequence of ovine lutropin ,-subunit and bovine thyrotropin f-subunit (see Ward, 1978) . As ovine thyrotropin fl-subunit has not been isolated and sequenced, data available on bovine thyrotropin f-subunit has been used. The sequences of follitropin fl-subunit and lutropin fl-subunit can be linearly aligned without any gaps, whereas follitropin and thyrotropin fl-subunits require a gap of two amino acid residues for maximum fit. Between follitropin fl-subunit and lutropin fl-subunit, 41 residues are identical; and in follitropin f-subunit and thyrotropin fl-subunit, 40 residues occupy positions of identity; among these are included the 12 identical cysteine residue positions.
Thus the studies on ovine follitropin f-subunit reinforce the structural homologies among the fl-subunits first observed with all the three glycoprotein hormones of the human pituitary.
